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(54) LITHIUM SECONDARY CELL AND ITS PRODUCING METHOD 


(57) A lithium secondary battery including an anode 
and cathode containing an active material capable of in- 
corporating and releasing lithium ions, wherein the cath- 
ode Is a porous sintered material made of a lithium-tran- 
sition metal oxide, the porosity of the sintered material 
is 15 to 60 %, and the electrical conductivity is not less 
than 0.1 mS/cm. Since the sintered material is sufficient- 
ly sintered so that the electrical conductivity may be 
more than 0.1 mS/cm, the bonding power of the primary 


fie. LA 


particles of the sintered material is strong, and therefore 
the primary particles do not come off and the electrodes 
do not collapse even if the sintered material expands or 
shrinks because of the charge/discharge. Since the me- 
chanical strength is great, the cathode can have a larger 
area. The electrolyte penetrates well into the sintered 
material because of its 15 to 60 % porosity, and conse- 
quently the internal electrical resisitivity is low. Thus a 
lithium secondary battery having a high capacity and ex- 
cellent characteristics is provided. 



-Printed by Jouva, 76001 PARIS (FR) — - 


1 


EP1 113 511 A1 


2 


Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present Invention relates to a lithium sec- 
ondary battery comprising a cathode made by sintering 
a lithium-transition metal oxide and having a high battery 
capacity and excellent charge/discharge cycle charac- 
teristic, and a method of producing the same. 

Description of Related Art 

[0002] With the popularization of cellular phones and 
notebook computer, the lithium secondary batteries that 
are capable to provide a high-energy battery density 
have attracted much attention. The lithium secondary 
battery comprises a cathode and an anode both includ- 
ing an active material capable of Incorporating and re- 
leasing lithium ions, and a lithium ion conductive elec- 
trolytic solution or solid electrolyte. However, there is 
such a problem that the electrode includes such mate- 
rials as a binder and an electrically conductive material 
that do not contribute to the battery capacity, thus result- 
ing in a limitation to the capacity per volume of the bat- 
tery. 

[0003] As means for increasing the capacity per vol- 
ume of the battery, an attempt to make the electrode 
from a sintered material, which is substantially made of 
an active material. When the electrode Is constituted 
from a sintered material made of an active material, no 
binder is included and the addition of an electrically con- 
ductive material can be eliminated or reduced, thus 
making it possible to increase the active material filling 
density and increase the capacity per volume. For ex- 
ample, Japanese Laid-Open Patent Publication No. 
8-180904 discloses a cathode made of a sintered lithi- 
um-transition metal oxide. According to this disclosure, 
powder of a lithium-transition metal oxide or raw mate- 
rial powder thereof is pressed to form a molded material 
by using a die, with the mold material being fired at a 
predetermined temperature in the presence of oxygen, 
thereby to obtain a sintered material. However, an elec- 
trical conductivity of the sintered material is not sufficient 
for the cathode, and therefore it is necessary to improve 
the performance further. 

[0004] For making the lithium secondary battery thin- 
ner, it is effective to reduce the thickness of the cathode 
and the anode that make up most of the thickness of the 
battery. In order to reduce the thickness of the cathode 
made of a sintered material, it is necessary to increase 
the surface area of the sintered material for securing a 
predetermined battery capacity. When the sintered ma- 
terial is made by the press molding, however, increasing 
the area of the die for the purpose of increasing the sur- 
face area of the sintered material makes It difficult to fill 
the cavity of the die uniformly with the powder of lithium- 


transition metal oxide or raw material powder thereof, 
resulting in unevenness of the thickness and a density 
of the molded material in a planer direction. As a result, 
sintering reaction does not proceed uniformly in the 

5 molded material, thus resulting in unevenness in the 
density of the sintered material in the planer direction. 
When such a sintered material is used as the electrode 
in a battery, there have been problems of a decrease in 
the battery capacity and poor charge/discharge cycle 

10 characteristic. In case there is a portion where sintering 
reaction has not progressed enough, on the other hand, 
bonding strength between primary particles that consti- 
tute the sintered material decreases in the portion, re- 
sulting in lower mechanical strength of the sintered ma- 

w terial This leads to such problems, as the electrode is 
likely to disintegrate during charging or discharging, and 
a decrease in the battery capacity and poor charge/dis- 
charge cycle characteristic. . 

[0005] In case a current collector is pressed to the sin- 
tered material of lithium-transition metal oxide to form a 
laminate, there is a significant contact resistance be- 
tween the current collector and the sintered material, 
leading to a failure in improving the battery capacity and 
the charge/discharge cycle characteristic. To counter 
this problem, for example, Japanese Laid-Open Patent 
Publication No.8-1 80904 described above discloses a 
method of decreasing the contact resistance by sinter- 
ing the powder of a lithium-transition metal oxide or raw 
material powder of a lithium-transition metal oxide and, 
at the same time, integrating the sintered material with 
a current collector of aluminum. However, since sinter- 
ing and integration with the current collector are carried 
out simultaneously, the firing temperature cannot be 
made sufficiently high. As a result, the sintering process 
tends to be insufficient thus leading to lower strength 
and/or lower electrical conductivity of the sintered ma- 
terial, resulting in insufficient Improvement in the 
charge/discharge cycle characteristic. 
[0006] Also when producing a battery wherein at least 
the cathode is made of a sintered material, the electrode 
cannot be wound as in the case of the conventional coat- 
ed electrode because the sintered material has a low 
bending strength. When an electrode unit consisting of 
one sintered cathode and one sintered anode is to be 
assembled, for example, both electrodes can be easily 
aligned with each other simply by stacking the cathode 
and the anode to oppose each other while interposing 
a separator therebetween. However, when a battery 
having an electrode unit consisting of a number of pairs 
of cathode and anode Is to be assembled for the pur- 
pose of achieving a large battery capacity, a plurality of 
cathodes and anodes must be accurately aligned to op- 
pose each other via separators. This leads to a longer 
period of time for stacking the electrodes and the elec- 
trode unit, or requires it to use a high precision appara- 
tus for alignment. Also there has been such a problem 
that, when moving a stacking electrode unit or housing 
the stacking electrode unit in a battery casing after the 
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stacking process, the electrodes are shifted from the 
predetermined positions, thus leading to a decrease in 
the area over which the mating electrodes face each 
other, and resulting in a decrease in the battery capacity 
of the completed battery. Moreover, there has been such 5 
a problem that a current collecting lead wire is required 
for each electrode to ensure conduction to the plurality 
of cathodes and the anodes, thus giving rise to the dif- 
ficulty of disposing the lead wires. . 

SUMMARY OF THE INVENTION 

[0007] ; An object of the present invention is to provide 
a lithium secondary battery that, by providing a cathode 
of larger surface area and higher mechanical strength, 
has a large battery capacity and excellent charge/dis- 
charge cycle characteristic. 

[0008] Another object of the present invention is to 
provide a lithium secondary battery that, with a current 
collector being integrated with a sintered material of a 
lithium-transition metal oxide without lowering the me- 
chanical strength and electrical conductivity thereof, has 
a large battery capacity and excellent charge/discharge 
cycle characteristic. 

[0009] Still another object of the present invention is 
to provide a lithium battery that comprises the electrode 
made of a plurality of sintered materials, where the cath- 
odes and the anodes will not be shifted from the prede- 
termined positions and highTeliabiiity islensUred." 
[0010] The present inventors completed the present 
invention by finding out that the electrical conductivity 
can be used as an index of the bonding strength be- 
tween primary particles that constitute a sintered mate- 
rial when forming the sintered material of a lithium-tran- 
sition metal .oxide, and that sufficient mechanical 
strength can be obtained by using a sintered material 
having a high electrical conductivity. 
[0011] The lithium secondary battery of the present 
invention includes a cathode and an anode, each elec- 
trode containing an active material capable of storing 
and releasing lithium ions, wherein the cathode is a po- 
rous sintered material made of a lithium-transition metal 
oxide that has a porosity in a range from 15 to 60% and 
an electrical conductivity of more than 0.1 mS/cm. Ac- 
cording to the present invention, since the porosity of 
the sintered material that constitutes the cathode is in a 
range from 15 to 60%, an electrolytic solution infiltrates 
sufficiently into the sintered material under such a con- 
dition that filling density of the active material is main- 
tained at a high level. With this constitution, the Internal 
electrical resistance can be decreased without decreas- 
ing the battery capacity. Also by sintering enough to 
achieve electrical conductivity of more than 0.1 mS/cm, 
high bonding strength between primary particles of the 
sintered material can be achieved so that the primary 
particles do not come off and the dectrode" does hot dis- 
integrate even when the sintered material expands and 
shrinks during charging and discharging cycles of the 


battery. High mechanical strength also makes it possible 
to form the cathode of larger surface area. Thus the 
cathode having the porosity in a range from 15 to 60% 
and the electrical conductivity of more than 0.1 mS/cm 
provides the battery with a large battery capacity and 
excellent charge/discharge cycle characteristic. 
[0012] A method of producing a lithium secondary 
battery including a cathode and an anode, each contain- 
ing an active material capable of incorporating and re- 
leasing lithium ions according to the present invention, 
cathode being made by sintering the lithium-transition 
metal oxide at a temperature higher than the melting 
point of the current collector, the method includes the 
steps of pressing the sintered material to the current col- 
lector, and heating at a temperature lower than the melt- 
ing point of the current collector so as to join the sintered 
material to the current collector, thereby integrating the 
sintered material and the current collector. Since sinter- 
ing is carried out at a temperature higher than the melf- 
ing point of the current collector, sintering reaction can 
be accelerated and therefore the strength and electrical 
conductivity are increased. Further, since the sintered 
material and the current collector are integrated at a 
temperature lower than the melting point of the current 
collector, so that the current collector is not damaged by 
thermal deformation, and the contact resistance can be 
decreased. Consequently, strength and electrical con- 
ductivity of the sintered material are improved, and the 
cathode~having lowefcontact resistance Imprbveslhe * 
charge/discharge cycle characteristic. . : 7 ^ * 1 . 
[0013] In the method of producing the lithium second- 
ary battery according to the present invention, the step 
of forming the sintered material includes a) adding a 
binder and a solvent to a cathode materia! consisting of 
the powder of a lithium-transition metal oxide, thereby 
to prepare a coating solution; b) applying the coating 
solution to a base material and removing the solvent to 
form the coating film; and c) firing the coating film in the 
presence of oxygen to sinter the cathode material, 
thereby to form the sintered material. Since the coating 
film containing the cathode material consisting of the 
powder of a lithium-transition metal oxide is fired to form 
the sintered material, the cathode having a larger sur- 
face area and, an uniformity in thickness and density 
can be obtained. The cathode can improve the battery 
capacity and cycle characteristic. 
[0014] The method of producing the lithium second- 
ary battery according to the present invention is capable 
of forming the sintered material with a uniform thickness 
and pressing the sintered material to the current collec- 
tor. The sintered material with uniform thickness makes 
it possible to press the current collector uniformly over 
the entire surface of the sintered material. As a result, 
adhesion between the sintered material and the current 
collector can be improved and the electrical contact re- 
sistance can be decreased without causing the sintered 
material to deform and crack when pressing. 
[0015] The lithium battery of the present invention is 


15 


20 


25 


30 


35 


40 


45 


50 


EP1 113 511 A1 


a battery comprising a stacked electrode formed of a 
multilayered electrodeunit which includes cathodes and 
anodes piled via a separator and has strip-shaped cur- 
rent collector, wherein at least the cathodes are sintered 
materials which are aligned on and joined to one of the 
current collectors and spaced from one anotherat bend- 
ing portions defined by desirable intervals on the current 
collector, and the cathodes and the anodes are dis- 
posed in the stacked electrode, with each anode op- 
posed to the respective cathode. The cathodes and the 
anodes are accurately aligned so that the electrodes will 
not be shifted from the predetermined positions, and a 
current collection can be easily made since providing 
only one lead wire for each of the cathodes and the an- 
odes suffices, and therefore a lithium secondary battery 
of high reliability can be achieved. 
[001 6J The battery including the stacked electrode de- 
scribed above Is produced by a method, which includes 
the step of forming at least a cathode electrode sheet 
on at least one side of the strip-shaped current collector" 
having a plurality of sintered material electrodes aligned 
on and Joined thereto and spaced from one another at 
bending portions defined by desirable intervals on the 
current collector; the step of bending the stack which 
includes the cathode electrode sheet and an anode 
electrode sheet piled via a separator so that each cath- 
ode oppose the respective anode; and the step of hous- 
ing the stack In a battery casing. 


BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The above and other objects and features of 
the present invention will become more apparent from 
the following description of preferred embodiments 
thereof with reference to the accompanying drawings 
throughout which like parts are designated by like refer- 
ence numerals. 

[0018] Fig. 1A to 1F is a schematic sectional view 
showing a method of producing a battery A according 
to the third embodiment of the present invention 
[0019] Fig. 2A to 2F is a schematic sectional view 
showing b method of producing a battery B according 
to the third embodiment of the present invention. 
[0020] Fig. 3A to 3F Is a schematic sectional view 
showing a method of producing a battery C according 
to the third embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0021] This application is based on application No 
1 1 -1 651 85 filed June 1 1 , 1 999 in Japan, the content of 
which is incorporated hereinto by reference. 
[0022] The lithium secondary battery of the present 
invention comprises a stack body constituted from, for 
example, a cathode current collector, a cathode, a sep- 
arator including a non-aqueous electrolytic solution or a 
non-aqueous electrolyte made of a polymer solid elec- 


trolyte, an anode, and an anode current collector. 
[0023] The cathode used in the present invention in- 
cludes the lithium-transition metal oxide as a cathode 
active material. The lithium-transition metal oxide may 
s be any conventionally known material. For example 
Li x Co0 2 , Li x Ni0 2 , Li x Mn0 2 , Li x Mn 2 0 4 , Li.Mn^O. or 
the like may be used. As the compounds of lithium and 
the transition metal used as the raw material, hydroxide, 
oxide, nitride and carbide of these metals may be used 
» [0024] The anode material used in the present inven- 
tion includes such carbon materials as graphite, amor- 
phous carbon or a mixture thereof, for example, such as 
a material made by carbonizing cokes, natural graphite 
artificial graphite or pitch, and a mixture thereof. A sin- 
's tered material made from a composite material of silicon 
and carbon material as described in International Pub- 
lication W098/241 35 may be used. 
[0025] As the non-aqueous electrolyte used in the 
present invention, a non-aqueous electrolytic solution 
» prepared by dissolving a lithium compound such as 
LiPF 6 , as the electrolyte in an organic solvent such as 
ethylene carbonate or dimethyl carbonate, or a polymer 
solid electrolyte made of a polymer that holds a lithium 
compound in the state of solid solution or an organic sol- 
* vent, wherein the lithium compound is dissolved mav 
be used. ' ' 

[0026] The sintered material of the lithium-transition 
- metal oxide used in the present invention can be made - 

as described below. 
30 [0027] Acoating solution Is prepared by dispersing a 
powder of a lithium-transition metal oxide or a raw ma- 
terial powder of the lithium-transition metal oxide togeth- 
er with a binder in a solvent, then the coating solution is 
applied to a base material which is, after removing the 
as solvent, fired to sinter in the presence of oxygen. It is 
more preferable to fire In the presence of oxygen after 
removing the solvent and peeling the coating film off the 
base material, since this prevents the coating film from 
warping during firing. For the base material, a film or a 
40 sheet of an organic polymer or a metal foil or sheet may 
be used, while an organic polymer film is more prefera- 
ble. In order to make use of the advantage of the present 
invention thatthe sintered material can be made uniform 
even when it is made to have a large surface area, the 
45 sintered material preferably has a size of 20 mm x 20 
mm or larger, and more preferably 40 mm x 40 mm or 
larger The sintering temperature is such a level as the 
binder is completely oxidized and decomposed and the 
sintering reaction proceeds sufficiently, that is higher 
so than the melting point of the current collector, in a range 
from 700 to 1100«C and preferably in a range from 800 
to 1000 °C . Duration of sintering is from 0.1 to 100 
hours, preferably from 1 to 50 hours. 
[0028] As the binder, for example, there can be used 
55 thermosetting resins such as urethane resin, phenol 
resin, and epoxy resin; thermoplastic resins or elastom- 
ers, such as polyethylene and polypropylene; homopol- 
ymers or copolymers of containing a monomer such as 
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vinylidene fluoride, ethylene fluoride, acrylonitrile, eth- 
ylene oxide, propylene oxide and methyl methacrylate; 
and polyvinyl alcohol or polyvinyl butyral. 
[0029] In order to form communicating holes that are 
effective as the passage of ions, a pore-forming agent 
may be used The pore-forming agent is a substance that 
is not soluble to the solvent used in the preparation of 
the coating solution, and may be a substance that is 
completely oxidized and decompose in air atmosphere 
at a temperature close to the thermal decomposition 
temperature of the binder, for example short fibers of 
organic materials (diameter from 0.1 to 100 urn) such 
as nylon fiber, acrylic fiber, acetate fiber and polyester 
fiber, or organic polymer particles such as polymethyl 
methacrylate (PMMA) having diameters from 0.1 to 1 00 
Urn. When the pore-forming agent is fired to oxidize and 
decompose, ion passages can be effectively formed Be- 
cause a diffusion of the ions is not prevented, the ion 
passages can suppress a concentration polarization of 
ions, thereby to decrease the internal electrical resist- 
ance. 

[0030] The porosity of the cathode that is obtained is 
preferably in a range from 15 to 60%, and more prefer- 
ably in a. range from 30 to 50%. When the porosity is 
lower than 15%, the electrolytic solution cannot infiltrate 
into the sintered material' sufficiently, resulting In a high 
internal electrical resistance! When the porosity is high* 

. er than 60%," filling density of the active material be- . 

"comes lower and the desired battery capacity Cannot be" 
obtained. As used herein, the porosity is an open pore . 
volume, and is measured on the basis of the Archime- 
dean principle described below. Archimedean principle: 
Porosity can be determined by the following equation: 

Porosity = Ratio of open pore volume 
^CWa-WJ/CWa-W^) X 100 

where W, is an initial weight of a sample, W 2 Is a weight 
measured in water after purging air from pores by de- 
creasing the pressure or boiling in water and then cool- 
ing, and W 3 is a weight measured after being taken out 
of water and wiped to remove water drops on the sur- 
face, then the porosity is given as shown above. 
[0031] The electrical conductivity of the sintered ma- 
terial used in the cathode is preferably 0.1 mS/cm or 
higher, and more preferably 1 mS/cm or higher This In- 
creases the bonding strength between primary particles 
of the sintered material and improves the mechanical 
strength of the electrode. 

[0032] The sintered material of the lithium-transition 
metal oxide formed in the process described above and 
the current collector can be integrated as follows. The 
sintered material and the current collector are laminated 
under a pressure, and heated aralemperature iower" 
than the melting point of the current collector. When alu- 
minum Is used for the current collector, heating temper- 


y ature is from 50 to 600°C, preferably from 1 00 to 300°C, 
while there is no particular limitation on the heating time 
as long as the duration is not less than one second. 
While there is no limitation on the ambiance during heat- 
5 ing, air atmosphere or non-oxidative atmosphere is pref- 
erable. 

[0033] The sintered material with a uniform thickness 
makes it possible that the current collector is pressed to 
the sintered material uniformly over the entire surface e 
thereof. For the purpose of forming the sintered material 
with a uniform thickness, the method described previ- 
ously where the coating film is formed on the organic 
polymer film is preferable, but a method of polishing the 
surface of the sintered material may also be employed. 
[0034] As the cathode current collector in the present 
Invention, aluminum, titanium or stainless steel, or an 
alloy that includes any of these may be used, while alu- 
minum is preferable. This material may be in the form 
of either foil or mesh. 

[0035] When a sintered material is used for the anode, 
it may be joined with the anode current collector by, for 
example, a method described below. The sintered ma- 
terial is pressed to the current collector and heated at a 
temperature lower than the melting point of the current 
collector. When copper is used for the current collector, 
heating temperature is from 50 to 1000°C, while there 
is no particular limitation on the heating time as long as 
the duration is not less than one second. The ambiance 
during heating is preferably air atmosphere br^riofHDxi- 
dative atmosphere. Or, alternatively, a coating film In- 
cluding an active material may be formed on the current 
collector, which Is then heated to sinter. . ' . . .J- 
[0036] The present invention will now be described in 
detail below, by way of preferred embodiments thereof. 

Embodiment 1 

[0037] A battery of the first embodiment was pro- 
duced by a method described below. 

(Formation of cathode) 

[0038] 60 Parts by weight (hereinafter parts by weight 
are abbreviated to parts) of LiCo0 2 was mixed with 3.4 
parts of polyvinyl butyral as a binder, 0.85 parts of dioctyl 
adipate as a plasticizer and 28 parts of a mixed solvent 
of toluene and 1 -butyl alcohol in a volume ratio of 4:1, 
and the mixture was kneaded in a ball mill for 24 hours. 
This coating solution was applied to a polyester film hay- 
ing a thickness of 50 \i m that had been treated' with 
silicone, then the film was dried at 80°C for 20 minutes 
thereby to obtain a coating film having a size of 300 x 
150 mm. The coating film was removed from the poly- 
ester film and was cut into pieces having a size of 30 x 
40 mm, which were fired at 900°C in air atmosphere for 
10 hours, thereby to obtain a sintered body of LiCo0 2 
having a thickness of 300 \ixn ± 3% and porosity of 41 %. 
The shrinkage ratio after firing {= 1 -(Length after firing/ 
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Length before firing) was about 7%. The electrical con- 
ductivity of the sintered material was measured by the 
method described below. As a result, it was 13 mS/cm. 
[0039] The electrical conductivity of the sintered ma- 
terial was measured by the four-terminal method. Four 
leads were connected to the sintered material parallel 
to each other at a predetermined space from each other, 
with the outermost two leads used for supplying current 
and the innermost two leads used for measuring volt- 
age, being connected to current source and a volt meter, 
respectively. While changing the current I from -1 mAto 
+1 mA, voltage V was measured to determine the re- 
sistance R, and the conductivity o was calculated by the 
following equation: 


o = (R x A/I)* 1 

where I is a distance between the two voltage measuring 
leads, and A is a cross sectional area of the sintered 
material perpendicular to the direction of current. 
[0040] With an aluminum foil having a thickness of 14 
\i =m being attached to the sintered material, the sin- 
tered material was heated to 300°C, then cooled down 
to the room temperature, thereby to obtain a cathode 
integrated with the current collector. 

(Formation of anode) 

[0041] 90 Parts of crystalline silicon powder of purity 
99.9% having a mean particle diameter of about 1 \i =m 
and 70 parts of a N-methyl-2-pyrrolidone (hereinafter 
abbreviated to NMP) solution of poly (vinylidene fluo- 
ride) (14% by weight) were mixed to prepare a uniform 
coating solution. This coating solution was applied to the 
copper foil of the current collector and dried at 80°C for 
20 minutes. The dried film was punched through to ob- 
tain a piece having a size of 20 X=x 40 mm, that was 
fired at 800°C in nitrogen atmosphere for three hours, 
thereby to form an anode integrated with the current col- 
lector. 

(Production of battery) 

[0042] An electrolytic solution was prepared by dis- 
solving 1 mol/L of LiPF 6 in a mixed solvent of propylene 
carbonate and dimethyl carbonate in a volume ratio of 
1 :1 . The cathode and the anode described above were 
piled via a separator made of a porous polyethylene film 
and the stack was put into a battery housing, with the 
battery housing being filled with the electrolytic solution 
and sealed, thereby making the battery. 
[0043] The battery made by the method described 
above will be referred to as sample No. 1 . After leaving 
the sample No. 1 to stand at the room temperature for 
a full day, charge and discharge test was conducted, 
with the result showing the discharge capacity of 55 
mAh in the first cycle and the capacity retention ratio {= 


(discharge capacity in 50 th cycle/ discharge capacity in 
1 st cycle) x 1 00} of 90% in the fiftieth cycle. 
[0044] Sample No. 2 is a battery that employs a cath- 
ode made by the cathode forming method described 
5 above, except that 3 parts of spherical polymethyl meth- 
acrylate (PMMA) having a diameter of 5 |im was added 
as a pore forming agent to the coating solution. Sample 
No. 2 had a porosity of 43%. The shrinkage ratio of the 
sintered body after firing was about 7%, and the electri- 
10 cal conductivity was 5 mS/cm. The discharge capacity 
in the first cycle was 60 mAh and the capacity retention 
ratio in the fiftieth cycle was 90%. 
[0045] Sample No. 3 is a battery that employs a sin- 
tered material having a thickness of 300 \im ± 3% and 
porosity of 43% made by the cathode forming method 
described above by firing at a temperature of 900°C for 
three hours in air atmosphere. The shrinkage ratio of the 
sintered body after firing was about 2%, and the electri- 
cal conductivity was 0.04 mS/cm. The discharge capac- 
20 ity in the first cycle was 60 mAh and the capacity reten- 
tion ratio in the fiftieth cycle was 1 0%. 
[0046] Sample No.4 employed a molded material in- 
stead of a coating film in forming the cathode. 10 Parts 
of polyethylene powder was added as an auxiliary form- 
es ing agent to 1 00 parts of LiCo0 2 powder Although it was 
attempted to press the mixture in a die to make a molded 
material having a size of 20 x 40 mm, the powder could 
not be packed uniformly and the molded material could 
not be made. 

30 [0047] The results obtained from the samples No. 1 
to No. 3 show that a sintered material having higher 
electrical conductivity has higher shrinkage ratio after 
firing, indicating bonding between the primary particles 
that constitute the sintered material is accelerated re- 
35 sultin 9 ^ Increased bonding force between the primary 
particles. Also higher battery capacity retention ratio 
was achieved with a sintered material of higher electa- 
ical conductivity. This is supposedly because the high 
bonding force between the primary particles prevents 
40 the primary particles from coming off and the electrode 
from disintegrating even after the electrode has repeat- 
ed expansion and shrinkage during the charge and dis- 
charge cycles. Moreover, since the sintered material is 
used, filling density of active material is high and the bat- 
's tery capacity per unit area is large. The result of sample 
No.4 shows that it is difficult to make the cathode having 
a large surface area by the method of using molded ma- 
terial. 

so Embodiment 2 

[0048] Batteries according to the second embodiment 
were produced by the following method. 

55 (Formation of cathode) 

[0049] Lithium carbonate powder and cobalt carbon- 
ate powder were mixed in a molar ratio of Li/Co = 1/1 , 
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and the mixture was calcinated at a temperature of 
800°C for 5 hours in air atmosphere. This was ground 
to make calcinated powder. Spherical PMMA particles 
having a mean particle diameter of 5 \l m was mixed as 
a pore-forming agent by 5wt% to the calcinated powder, 
with the mixed powder being pressed into a molded ma- 
terial which was fired at a temperature of 900°C for 10 
hours in air atmosphere, thereby to obtain a pellet- 
shaped sintered material of 1 9 mm In diameter and 94 
p,m in thickness, having a density of 3.0 g/cm 3 and po- 
rosity of 41 %. The electrical conductivity of this sintered 
material was 5 mS/cm. 

[0050] - With an aluminum foil having a thickness of 1 4 
\l m being attached, the cathode was heated to 300°C. 
After cooling down the cathode to the room temperature, 
peel-off test was conducted to make sure that the alu- 
minum foil and the sintered material were integrated. 

(Formation of anode) 

[0051] With 3 parts of polyvinylidene fluoride being 
dissolved in 70 parts of NMP, 27 parts of natural graphite 
having a particle diameter of about 10 \w\ was added 
and mixed in a vibration mill to prepare a coating solu- 
tion. The coating solution thus prepared was applied to 
a copper foil having a thickness of 14 urn by using a 
Baker's applicator thereby forming a coating film having 
thickness 74 urn which was used as the anode. ?. 

(Preparation of battery) ... 

[0052] The cathode integrated with a current collector, 
the anode and a porous polyethylene film were stacked 
so that the active material surfaces of both electrodes 
face each other via the porous polyethylene film, and 
the laminate was Immersed in an electrolytic solution 
that was prepared by dissolving LIPF 6 In a mixed solvent 
of ethylene carbonate and dimethyl carbonate in a vol- 
ume ratio of 1 :1 , with the concentration being adjusted 
to 1 mol/L, thereby making the battery of sample No.5. 
[0053] Charge/discharge test was conducted under 
the following conditions. Current, upper limit of voltage 
and charging period of constant current-constant volt- 
age charging were set to 4 mA, 4.1 V and 3 hours, while 
current and lower limit of voltage of constant current dis- 
charging were set to 2.6 mA and 2.5 V, respectively. 
Charging and discharging operations were repeated for 
50 cycles, and the charge and discharge capacities 
were measured. , 

[0054] Sample No. 6 is a battery that employs cathode 
made by the method described below, lithium carbonate 
powder and cobalt carbonate powder were mixed in mo- 
lar proportion of LI/Co = 1/1 , and the mixture was calci- 
nated at a temperature of 800°C for 5 hours In air at- 
mosphere. This was ground to make calcinated powder. 
1 00 Parts of the calcinated powder and 8 parts of poly- 
vinylidene fluoride were mixed in NMP thereby to pre- 
pare a coating solution. The coating solution was ap- 


plied to an aluminum foil having a thickness of 14 urn 
and dried. The dried film was punched through to obtain 
a pellet having a size of 1 9 mm in diameter, that was 
pressed to an aluminum foil and heated to 500°C there- 
5 by to fire the coating film and integrate it with the alumi- 
num foil. The sintered material thus obtained was 100 
\im in thickness, and had a density of 3.0 g/cm 3 and a 
porosity of 41%. 

[0055] As described above, sample No. 6 has cath- 
10 ode sintered and integrated with . the current collector 
simultaneously. Sample No. 5, on the other hand, has 
cathode formed by integrating the sintered material 
made by sintering at 900°C, higher than the melting 
point of the aluminum foil of the current collector, and 
*5 the current collector at 300°C, lower than the melting 
point of the current collector. 

[0056] In the charge/discharge test, the initial charg- 
ing capacity of sample No. 6 was 25% that of samples 
No. 5. The initial charge/discharge efficiency was 98% 
20 with sample No. 5 and 20% with sample No. 6. The dis- 
charge capacity in the 50th cycle was 93% of the initial 
charge capacity with the sample No. 5, while that of the 
sample No. 6 was 0% which meant that charging and 
discharging were impossible. While the discharge volt- 
es age of the sample No.5 did not change after repeating 
50 cycles of charge and discharge, the sample No. 6 
showed a decrease in the discharge voltage. The cath- 
ode of the sample No. 5 showed a high strength and a 
high electrical cb'nductivityrand largeFbattefy capacity 
so and better cycle characteristic than the sample No. 6. 

Embodiments •,: ;v ;. . 

[0057] Fig. 1A-1F, Fig. 2A-2F and Fig. 3A-3F show 
35 schematic sectional views of processes for producing 
the lithium secondary batteries according to this embod- 
iment of the present invention. The secondary battery 
of this embodiment includes a stack formed of a multi- 
layered electrode unit that includes cathodes and an- 
40 odes piled via a separator and has strip-shaped current 
collectors. 

[0058] Fig. 1 A-1 F shows a battery A having a stacked 
electrode formed by folding a multilayered electrode 
unit, Fig. 2A-2F shows a battery B having a stacked 

*s electrode formed by winding a multilayered electrode 
unit, and Fig. 3A-3F shows a battery C having a stacked 
electrode formed by folding the multilayered electrode 
unit in a different way from the battery A. 
[0059] The process of producing the battery A will be 

so described first. Fig. 1A Is a perspective view showing 
the structure of a multilayered electrode unit 1 . The mul- 
tilayered unit 1 comprises a cathode sheet 2 and an an- 
ode sheet 6 that oppose each other via a separator 11 . 
The cathode sheet 2 comprises a strip-shaped cathode 

ss current collector 4 and a plurality of cathodes 3 _m&deof 
sintered material aligned on and joined to one side of 
thereof The plurality of cathodes 3 are joined while being 
spaced from one another at a plurality of bending por- 
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tions 5 that secure spaces required for bending and are 
defined by desirable intervals on the cathode current 
collector 4. The anode sheet 6 has a structure similar to 
that of the cathode 2, including a strip-shaped anode 
current collector 8 and a plurality of anodes 7 made of 
sintered material aligned on and joined to one side of 
thereof, the plurality of anodes 7 being joined while be- 
ing spaced from one another at a plurality of bending 
portions 10 defined by desirable intervals on the anode 
current collector 8. In the anode sheet 6, one end of the 
strip-shaped anode current collector 8 is stretched in the 
longitudinal direction to form the anode lead 9. 
[0060] When producing the battery A, the spaces of 
the bending portion 5 on the cathode side and the bend- 
ing portion 1 0 on the anode side are made substantially 
equal to each other. The space of the bending portion 
of the electrode sheet on the outside of bending should 
ideally be made larger by the amount of thickness of the 
multilayered electrode unit However, since the size of 
the width of the electrode is 1 0 mm or larger in contrast 
to the multilayered electrode unit having thickness of 
about several hundreds of micrometers, the space of the 
bending portion may be made substantially the same. 
Therefore, when a pair of the cathode 3 and the anode 
7 disposed on the ends of the cathode sheet 2 and the 
anode sheet 6 are piled to oppose each other, the mul- 
tilayered electrode unit 1 can be made so that all cath- 
odes 3 and the anodes 7 oppose each other as shown 
in Fig. 1 B. Fig. 1 B is a sectional view taken along lines 
l-T of Fig. 1 A. Then the multilayered electrode unit 1 is 
foided by alternately folding up and folding back at the 
bending portions 5 and the bending portions 10 as 
shown in Fig. 1C, so that the adjacent cathodes 3 op- 
pose each other and the adjacent anodes 7 oppose 
each other. Then a stacked electrode 15 is formed by 
completely folding the multilayered electrode unit 1 (Fig. 

ID) . Then the anode lead 9 that extends from the front 
end of the stacked electrode 1 5 is welded onto an anode 
terminal 20 via an insulation plate 1 6, while the stacked 
electrode 15 is housed in a can 17 so that the rear end 
of the stacked electrode 1 5 and the cathode current col- 
lector on the outermost layer are brought into contact 
with the bottom and wall surfaces of the can 17 (Fig. 

I E) . Then the can 1 7 is sealed with a lid 1 8 that has a 
gas purging hole 21 and welded by laser. After filling the 
can with a non-aqueous electrolytic solution in a non- 
aqueous environment, the can is sealed to complete the 
battery (Fig. 1 F). The anode terminal 20 is fastened onto 
the iid 1 8 via insulating packing 19. 
[0061] Fig. 2A-2F shows the process of producing the 
battery B. Processes other, than those shown in Fig. 
2Ato2Eandtheformation of the electrodes can bedone 
similar to the process of producing the battery A. Fig. 
2A is a perspective view showing the structure of a multi- 
layered unit 1\ A cathode sheet 2' and an anode sheet 
6' have a plurality of cathodes 3 and a plurality of anodes 
7, both made of the sintered material, being joined on 
both sides thereof. An end of the cathode sheet 2' is 


located on the outermost layer after being wound, and 
therefore the cathode may be joined only on one side of 
the cathode current collector 4. The spaces of the bend- 
ing portion 5 on the cathode side and the bending por- 
s tion 1 0' on the anode side are increased along the lon- 
gitudinal direction of the current collector, to provide al- 
lowance for winding. Connected to the anode sheet 6' 
is the strip-shaped lead 9 that protrudes sideways. The 
cathode sheet 2* and the anode sheet 6' are held be- 
10 tween two halves of one folded separator, and piled as 
shown in Fig. 2B, to form a multilayered electrode unit 
1'. Fig. 2B is a sectional view taken along lines ll-IT of 
Fig. 2A. Then the multilayered electrode unit 1' is bent 
at the bending portions 5\ . 1 0* as shown in Fig, 2C, and 
« piled so that the plurality of cathodes 3 and the plurality 
of anodes 7 oppose each other via the separator 11 , to 
form a stacked electrode 15' (Fig. 2D). Then the strip- 
shaped anode lead 9 that protrudes sideways from the 
anode sheet 6' is welded onto the anode terminal 20 via 
20 an insulation plate 16, while the stacked electrode 15 
is housed in the can 17 from the side opposite to the 
anode lead 9 so that the cathode current collector on 
the outermost layer of the stacked electrode 1 5 makes 
contact with the wall of the can 17 (Fig. 2E). The sub- 
25 sequent process to complete the battery is similar to the 
case of the first embodiment (Fig. 2F). 
[0062] Since the battery B has the plurality of cath- 
odes and the plurality of anodes on both sides of the 
cathode sheet and the anode sheet, respectively, the 
so amount of the active material contained can be made 
larger than the case of providing the cathodes or the an- 
odes only on one side, thus achieving a higher enerqy 
density of the battery. 

[0063] Fig, 3A-3F shows a process of producing the 
35 battery C. Fig. 3A is a perspective view showing the 
structure of the cathode sheet 2, and Fig. 3B is a sec- 
tional view taken along lines Ill-Ill' of Fig. 3A. In Fig. 3B, 
a pair of anodes, which are joined on one side thereof 
to the anode current collector 8', are placed on the cath- 
40 ode 3 * the end of the cathode sheet 2. The cathode 
sheet 2 includes the strip-shaped cathode current col- 
lector 4 and a plurality of cathodes 3 formed on one side 
thereof from the sintered material. The plurality of cath- 
odes 3 are joined while being separated by a plurality of 
45 bending portions 5 that provide spaces necessary for 
bending. The cathode sheet 2 is folded on the bending 
portion at the end so that the adjacent cathodes 3 hold 
therebetween a pair of anodes 7 that are placed on the 
cathode 3 via the separator 1 1 . Then the cathode sheet 
so 2 and the separator 1 1 are folded back at the bending 
portion 5 so that the adjacent cathodes 3 opposes each 
other (Fig. 3B, 3C). This operation is repeated a plurality 
of times to fold up the cathode sheet 2, so that the cath- 
odes and the anodes oppose each other, thereby to form 
55 the stacked electrode 15 (Fig. 3D). For the anodes, for 
example, a pair of anodes 7 made of the sintered ma- 
terial Joined onto a rectangular anode current collector 
8* may be used. The anode current collector 8' has the 
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strip-shaped anode lead 9 that protrudes at one end 
therof . The plurality of anode leads 9 extending from the 
front end of the stacked electrode 15 is bundled into an 
anode-connecting conductor 12 (Fig. 3D). Then the an- 
ode connecting conductor 1 2 is welded onto the anode 5 
terminal 20 via an insulation plate 1 6, while the stacked 
electrode 1 5 is housed in the can 1 7 so that the rear end 
of the stacked electrode 1 5 and the cathode current col- 
lector on the outermost layer make contact with the bot- 
tom and the wall of the can 1 7 (Fig. 1 E). The subsequent 
process to complete the battery is similar to the case of 
the first embodiment (Fig. 3F). An anode sheet that In- 
cludes a plurality of anodes made of sintered material 
may be used instead of the cathode sheet, and sintered 
cathodes may be used instead of the sintered anodes. 
In the battery C, since the sintered electrode sheet is 
folded after covering the sintered electrodes, the elec- 
trodes can be aligned easily and displacement of the 
electrodes can be prevented. 

[0064] In Fig. 1 A-1 F or Fig. 2A-2F, the anodes 7 may 
also be constituted from coating film electrodes. When 
forming the coating film electrodes, a heat treatment at 
a high temperature is not necessary unlike the case of 
forming the sintered electrodes. Therefore, the elec- 
trodes can be formed more easily than the case where 
the sintered material is used for the cathodes and the 
anodes. The coating film electrode may be a strip- 
shaped current collector coated with a coating solution _ 
containing the active material and a binder, which is then 
dried to integrate therewith. For example, a coating film 
that includes a compound of silicon and a carbon mate- 
rial or a carbon material as the anode active material 
may be used. 

[0065] Now an example of the method of producing 
the battery A will be described below. 

(Formation of cathode) 

[0066] Two sintered materials made similarly to the 
sample No. 1 of the first embodiment were placed on an 
aluminum foil having thickness of 14 ^m and spaced 
from one another at a distance equal to the space of the 
bending portion and, while being pressed thereon, were 
heated to 300°C thereby to form the cathode sheet. Af- 
ter cooling down the cathode to the room temperature, 
peel-off test was conducted to make sure that the alu- 
minum foil and the sintered material were integrated The 
sintered cathode having a size of 300 \i m in thickness, 
2 cm in width and 4 cm in length. 

(Formation of anode) 

[0067] Two anode coating films were formed similarly 
to the anode of the first embodiment, being spaced from 
one another at bending portion substantially the same 
space as the bending portion of the cathode, and were 
fired at 800°C in nitrogen atmosphere for 3 hours, there- 
by to form an anode sheet. 


(Production of battery) 

[0068] The cathode and the anode were piled via a 
separator made of .porous polyethylene film thereby to 
form a multilayered electrode unit. The multilayered 
electrode unit was folded at the bending portions to 
make the stacked electrode. By covering the stacked 
electrode with an insulating film, a battery element was 
made. The battery element was put into a square battery 
can which was filled with an electrolytic solution pre- 
pared by adding 1 mol/L of LiPF 6 to a mixed solvent of 
ethylene carbonate and dimethyl carbonate in a volume 
ratio of 1:1. The battery can was sealed thereby com- 
pleting the battery. 

[0069] With the method described above, since two 
cathodes are joined onto the cathode current collector 
into a single body, handling is made easier than the case 
of handling individual cathodes. Charge/discharge test 
conducted on 20 batteries thus produced showed that 
all the batteries provided the charge and discharge ca- 
pacities corresponding to the active material. 
[0070] Since the lithium secondary battery of the 
present invention employs the cathode including the po- 
rous sintered material made from the lithium-transition 
metal oxide with a porosity in a range from 15 to 60% 
and the electrical conductivity of more than 0.1 mS/cm, 
as described above, the cathode has higher mechanical 
strength. Also because the internal electrical resistance 
of the battery is decreased, the battery has larger ca- 
pacity and excellent cycle characteristic. 
[0071] According to the method of producing the lith- 
ium secondary battery of the present invention, since 
the cathode made of the material sintered at a temper- 
ature higher than the melting point of the current collec- 
tor is heated to a temperature lower than the melting 
point of the current collector thereby to integrate with 
the current collector, strength and electrical conductivity 
of the cathode can be improved and, at the same time, 
contact resistance can be decreased without damaging 
the current collector by thermal deformation. Thus the 
lithium secondary battery having larger capacity and ex- 
cellent cycle characteristic is provided. 
[0072] The method of producing the lithium second- 
ary battery of the present invention also makes it possi- 
ble to form the cathode having larger surface area and 
uniform thickness and density and decrease the thick- 
ness of the lithium secondary battery, because the coat- 
ing film containing the cathode material consisting of the 
lithium-transition metal oxide Is sintered. 
[0073] The method of producing the lithium second- 
ary battery of the present invention also makes it possi- 
ble to improve the adhesion between the sintered ma- 
terial and the current collector and decrease the electri- 
cal contact resistance, thereby improving the cycle char- 
acteristic of the lithium secondary battery, because the 
sintered material with uniform thickness is joined to the 
current collector by pressing and heating. 
[0074] In the lithium secondary battery of the present 
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invention, since the electrodes made of the sintered ma- 
terial are piled by accurately aligning the cathodes and 
the anodes, the electrodes does not shift from the pre- 
determined positions. Since only one lead is required 
for each of the cathodes and the anodes, electrical col- 
lection is made easier. Thus the non-aqueous second- 
ary battery of low cost and high reliability can be provid- 
ed. 


Claims 

1. A lithium secondary battery comprising a cathode 
and an anode, each electrode containing an active 
material capable of incorporating and releasing lith- 
ium ions, wherein the cathode comprises a porous 
sintered material made of a lithium-transition metal 
oxide, and the sintered material has a porosity in a 
range from 1 5 to 60% and an electrical conductivity 
of more than 0.1 mS/cm. 

2. A process for producing a lithium secondary battery 
comprising a cathode and an anode, each electrode 
including an active material capable of incorporat- 
ing and releasing lithium ions, the cathode being a 
sintered material formed by sintering a lithium-tran- 
sition metal oxide at a temperature higher than a 

- melting point of a current collector, said process 
comprising: 

pressing the sintered material to the current 
collector; and 

heating at a temperature lower than the melting 
point of the current collector, thereby integrat- 
ing the sintered material and the current collec- 
tor. 


defined by desirable intervals on the current collec- 
tor, and the cathodes and the anodes are disposed 
in the stacked body, with each anode opposed to 
the respective cathode. 
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3. The process according to claim 2, further compris- 
ing: 

40 

(a) adding a binder and a solvent to a cathode 
material including powder of a lithium-transition 
metal oxide, thereby to prepare a coating solu- 
tion; 

(b) applying the coating solution to a base ma- 45 
terial and removing the solvent to form a coat- 
ing film; and 

(c) firing the coating film in the presence of ox- 
ygen to sinter the cathode material, thereby to 
form the sintered material. so 


4. A lithium secondary battery comprising a stacked 
body formed of a multilayered electrode unit which 
includes cathodes and anodes piled via a separator 

- and has strip-shaped current collector, wherein at ss 
least the cathodes are sintered materials which are 
aligned on and joined to one of the current collectors 
and spaced from one another at bending portions 
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